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A Method for Calibrating the Line-Focus-BeamAcousdc Microscopy
System
AB STRACr
Absolute accuracy of the line-focus-beam(LFB) acoustic microscopy
system is investigated for measurements of the leaky surface acoustic wave
(LsAW) velocityand atbenuation,and a medlOd of system calibration is
proposed･ h order to discussthe accuracy･ it is necessary to introduce a
standard specimen whose buk acoustic properties, (e･g･,the independent
elasdc constantsand density)are measured withhighaccuracy･ Single
crystalsubstrates of gadohmiumgallium gamet (GGG) are taken as standard
speclmenS･ The LSAW propagation characteristics am measured and
comparedwidlthe calcul地d results uslngthe measu托d buk acoustic
●
properties･ Calibradon is demonstrated forthe system usng two LFB
acoustic l飢S devices witha cylindriCalconcave surface of 1-孤 radius in
the fzquency range 100 to 300 MHz･
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Ⅰ. mODUCTION
Line-focus-beamacoustic microscopy ll] has become recognized as a
uniqueand useful method of quantitative material characterization ll]-[18]･
characterization is made by measuringthe propagation characteristics, (e･g･,
velocityand attenuation) of LSAWs excited onthe boundary betweenthe
specimenandthe water coupling liquidthrough V(I) curve analysis･
Measurement accuracy of the LFB system has been studied persistently l lL
l19日201, Sincethe measurement principleand a prototype system were
establishedinorder to developthe potential practicalapplications in
materials science. Mechanical precision and temperature stability have been
serious problems for accurate measurements inthis technology･
Accuracy must be consideredinthe two categories of relative and
absolute accuracy. The typicalsystem, developed for two-dimensional(75
rrm x 75 mm)inspection, has attainedthe relative accuracy of LSAW
velocity measurements betterthan±仇005%･ at a chosen point of a
specimen,and ±0･01% overthe entire sea-lng area･ by establishingthe
●
measurement procedures l19]. ne system has been satisfactorily applied to
resolve scientificand industrialproblems of ferroelectric single crystals of
LiNbO3 and LiTaO3 for SAW devicesand for optoelectronic devices l14]-
[17]. Absolute accuracy of measurement of velocityand attenuation for
relevant leaky waves was examined previously ll] by comparingthe
measured results, for a variety of isotropICandanisotropIC materialS･ With
Calculations uslng Physicalconstants published inthe literature･ Althoughit
was atthe early stages of these developments･this study suggestedthatthe
physicalconstants of some materials･ for example LiNbO3 CryStalS･ used for
the calculations were considerably different fromthose of the specimens
actually employed forthe studies･ This has been confirmed by detailed
investigations of the congruent chemicalComposition of LiNbO3 using LFB
acoustiCmicroscopy l15]. Therefore, it is necessary to employ well-
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characterized specmens, withtheir measured acoustic properties when
(
discusslng absolute measurement accuracy. Absolute accuracy lS, at Present,
the most important research topic, fromthe teclmological point of view, for
such applications as absolute measurement of velocity and attenuation,and as
determinations of the elastic constants of bukandthin-film materials l3],
[4), [10]-[13].Also, it is necessary to develop a method of system
calibration because different measured values canresult from different
systems/devices operating atthe same frequency. A method using standard
speelmenS has been proposedand a demonstration witha synthetic silica
glass has been made forthe first time 【20】. This paper presentsthe details
●for discusslng absolute accuracy of the LFB acoustic microscopy system,
using OGG single crystalsubstrates asthe standard specimens forthe
frequency range from 100 to 300 MHz.
Ⅱ. SYSTEM CALIBRATION AND STANDARD SPECIMEN
Fig. 1 illustrates schematicallythe concept of a calibration method for
the LFB system for studying a nonpleZOelectric standard speclmen having
the independent elastic stifhess constants cljand density p･ Thetheoretical
Values of the LSAW velocity VLSAWand normalized attenuation factor
qsAW, Calculated丘omthe actually measured bulk elastic constantsand
density, provide a standard for calibrationand are compared withthe
expenmentalⅤalues obtained bythe LFB acoustic microscopy system･
h principle, anthe materials,including nonpleZOelectriCand
pleZulectric materials could be appropriate forthe standard speclmen if all
the physicalconstants necessary forthetheoretical calculations of the LSAW
characteristics canbe determined by accurate measurements. The following
requlrementS, however, should be applied for selectingthe standard
specmen: nonpleZOelectric homogeneous materials witha small number of●
independent elastic constants and negligibly small包COuStic loss at dle higher
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Fig･ 1･ A concept of calibration of the LFB system･
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frequencies at which characterization by LFB acoustic microscopy lS t
perfonhed; materialSwithmoderate LSAW velocityand attenuation to
produce many continuous oscillations inthe V(I) curve overthe entire
defocus region used for V(I) -curve analysis.
GGG single crystal, which belongs tothe cubic systemand hasthree
independent elastic constants, cll, C12, and c44, 1S a most Suitable material for
the complete calibration, from our experimentalexpenence･ It is expected
thatthe system calibration cantxB made withthis standard speclmen at any
軸encies wherethe LFB system canbe applied to material
ch釘aCteri2ation. Here, GGG single crystalsubstrates withtwo basic
crystauine surfaces of (loo)and (I 1 I), produced by Shin-Etsu Chemical
Co･, Tokyo, Japan, were taken forthe demonstration･ The approximately 3-
mthick speC皿enS Were Prepared withsufrlCient homogeneityand
●
optically polished surfaces･ ¶le SpeClmen Surfaces were examined by X-ray
difhctionanalysisand were evaluated to be within lessthan0･lo tothe
desired crystauine surfaces.
Ⅲ. MEAStJREMENTS OF BULK ACOUSTIC PROPERTTES
Measurements of the buk acoustic properties were made first.
Longitudinaland shearwave velocities were measured bythe pulse
interference method using a radio frequency (RF) tone burst signal[21】,
while densides were m声aSured by a conventionalmethod based on ale
Archimedes pnnciple by weighing die SpeClmenS bothinairandindistilled●
water. Two plane wave ultrasonic devices for velocity measurements were
prepaJCd,witha ZhO mm transducer for longitudinalwavesandanX-cut
LiNb03 tranSducer for shearwaves, on cylindriCalbuffer rods of synthetic
sihca (SiO2)glass (T-4040, Toshiba Ceramics Co., Tokyo, Japan). Velocity
measurements were carried outaround 150 MHz forthe longitudinalwaves
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andaround 100 MHz forthe shear waves, as shownschematically in Fig. 2, C
usingthe buk ultrasonic spectroscopy system l21】･ RF pulsed plane waves
emitted ftomthe devices are incident on a specimenthrougha couplant･
Partialreflectionand transmission occur atthe interface between couplant
and speclmen, and transmitted waves are reflected perfecdy atthe back
surface. Two echoes Vland V2 (see Fig. 2) reflected fromthefrontand
back surfaces of the specimen, respectively, were used for measurements･
The double-pulse method l22] was used sothatthe two･echoes, Vl and V2,
could overlapandinterfere･ By gating outthe interfered signal and
swecpmgthe ultrasonicfrequency, a series of interference maxima and
●
minima are recorded (Fig. 3). ne frequency interval Afis related tothe
phase velocity V forthe specimenthickness h as follows:
Af= V/(2h). (1)
nethickness was measured by a digital lengthgauglng System Withan
error of ±カ.1 pm･ h our measurements,the significant figures of
determined velocity valuesare five digits, which is mainly dominated bythe
accuracyinthickness measurement･ Coupling materials are distilled water
for longitudinalwavesand athin layer of bonding materialSalol (phenyl
salicylate)for shearwaves. For shearwave velocity measurements,
corrections for phase shifts atthe salol bond must be made for accurate
determination of shearwave velocities. More detailed description
concemedwiththe accurate measuTementS Of bulk wave velocitiesand
densitywill be reported elsewhere l23] ･
Thethreeindependent elastic comstants, cll, C12,and c44, 0f GGG
crystalCanbe determinedwithhighaccuracy by measunngthe velocities of
ll001-propagating longitudinalwaves, VLl100],and l 100]-propagating shear





Fig･ 2･ Expenmentalarrangement of bun velocity





Fig. 3. Frequency托SPOnSe Of interference output in longitudinal
velocity measurement for a (100) GGG specimen at 23･36oC･
The speC皿enthickness is 2800･6岬l･
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longitudinal waves, VLllll], forthe (1 I I) GGG substrateandthe densityp,
wi血血e fわllowing equations:
cll =PV,2100】 ,
C.. -- p vsf.0.] ,




nLe temperature enVirorment for LFB acoustic microscope systems
varies from one system to another. In order to calibrate preciselyanLFB
acoustic microscopesystem, Operating at an arbitrary room temperature,the
temperattlre dependence of the elastic constantsand density of standard
speclmenS must be measuredaroundthe temperature of the room wherethe
system is instaned. The measurements descrihtd above were made at
various temperatures from 21 oC to 27.Cina temperature-controlled room･
Thethermalexpansion coefrlCient of GGG is 6xlOJ/ocland a 3-rrmthick
speclmen becomes 0.072 pmthicker asthe temperaturerises by 4oC.●
Becausethis value is smanerthanthe measurement resolution of the digital
lengthgauging system (iO.1 pm),thethicknesses of the specimens were
measured only at a fixed room temperaturearound 23oC. In each
measurement,the temperaturearoundthe specimens wasalso measured with
a calibrated copper-constantanthermocouple.
Fig. 3 showsthe typical frequency response oftheinterference output
inthe longitudinalvelocity measurement for a specimen of (loo) GGG.
Fromthis waveform, we candetermine 4声1.13454 MHzthroughour
proαdure of waveform analysis. Fig. 4 showsthe temperature dependence









Fig. 4. Temperature dependence offrequency intervalAf for
ll00】-pr甲agating longitudinalwaves on a (100) GGG specimen･
nle SpeClmenthickness is 2800.6 pm･
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of the frequencyintervalAfof longitudinal waves forthe (loo) Gm
specimen. Open circles denotethe measured values,and barsthe
measurement errors. ^fdecreases asthe temperaturerises. The slope was
determined to h: -0.OW57 MHzPC bythe method of least squares. ne
thickness of the speclmen Was 2800.6 pm. Fromthese measured results,the
longitudinalVelocity and temperature dependence at 23oCare determined to
be VL=6354.82 m/Sand ･0.32 dsPC, respectively. TYle densities werealso
measured forthe (loo)and (ll 1) GGG specimens asgiven in Fig. 5. ne
densityand temperature dependence at 23oC are 7097･1 kg/m3and
A.14 kg/m3rc, respectively. TYLe bulk acoustic properties of the GGG
speclmenS at 23.C are listedinTable I,along withmeasurement errorsin
parentheses. Table IIgivesthe elastic constants determined by (2)-(4) using
the velocities and densityinTable I. The temperature dependences of the
elastic constants were found to be negative, justthe same asthose of velocity
and density.
Ⅳ. LSAW PROPAGATION CHARACTERISTICS
Measurements of V(I) curves forthe (100)and (1 1 1) GGG standard
speclmenS are Carried outinorder to calibratethe LFB system uslng two
LFB ultrasonic devices designed for 225-Mttz operation, which a1℃
describedindetail intheliterature ll]. The devices havethe different ZhO-
filmtransducer sizes of 1.73 帆 X 1.73 mm (No. 1)and I.50 mm X I.73
m (No. 2) withthealtered transducer widths of 1.73and I.50 rrmalong
血e focused axis, formed ontheflat ends of the acoustic cylindriCallenses
withthe following dimensions:the cylindriCalconcave surface of 1-rrm
radiuswithan aperbre half-angle of 600andthe distance of 12 mm between
the transducer plaJleandthe top surface of the lens. Onthe cylindrical
concave surface, a quarter-wavelengththick chalcogenide-glass filmis




























Table II. Elastic constants of GGG at 23oC.
Elastic Constant Temp. Coeff.
(×1011 N/血2)　　　(×10ヤC)
cl1 2.8661 (±0.0007)　　- 1･2
cl2 1.1588 (±0.0014)　　- 1･3
C44　0.9029 (±0.0003)　　- 1･1
C (ro°)=C (23oC)×(1 +α｡ A7) N血2,
Ar=r-23 oC.
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water. The typeNo. I transducers were used atthe early stages of the
development,andthe typeNo. 2 transducers have been mainly employed
around 225 MHz for practicalmeasurements since 1986.
First,angulardependences of LSAW propagation characteristics were
measured nearthe center of each specimeninlo steps over 200o. Fig. 6
showsthe typicalV(I) curves measured withthe two devices onthe (ll I)
GGG specimen for lii2] propagation at 225 MHz. Significantly different
V(I) curvesinshapewere recorded in Fig･ 6(a) by the. No･ 1 deviceandin
Fig二60)) bythe No. 2 device. According tothe procedure of V(I) ctlrVe
analysis llLthe waveforms wereanalyzed sothatthe LSAW velocities
VLSAWand normalized attenuation factors aLSAW Were Obtained:
vLSAW=3242.79 rn/Sand aLSAW= 1.083xlO･2 from Fig. 6(a);
vLSAW=3253.60 dsand qsAW= I.125xl0-2 from Fig. 6(b). The
detemined values obtained bythe No. 1 deviceare 0.33%invelocityand
3.7% in attenuatiom smallerthanthose obtained bythe No. 2 device. ¶le
measured results oftheangulardependences are glVen by solid lines in Fig･
7 forthe (loo) GGG andinFig. 8 forthe (Ill) GGG. Forthe (100) GGG,
Ooand 45o correspond tothe l010】- and l01 1]-propagation directions,
respectively,and forthe (Ill) GGG, Ooand 90o cor陀SPOnd tothe llio]-
and lii2] -propagation directions, respectively. TYle average temperatures Of
the water couplant du血g measurements were as follows: forthe (100)
GGG specmen, 23.129oC bythe No. 1 devioeand 23. 049oC bythe No･ 2●
device; forthe (111) GGG specimen, 22.991.C bythe No. I deviceand
23.121oC bythe No. 2 device. The angulardependences exhibitthe
characteristics reflec血g crystal symetry of the cubic system because GGG
crystalbelongs to crystalclass of m3m. The propagation characteristics of
LSAWsfor bothspecimens were calculated, for reference, at 23.100oC by
theanalytiCalprocedure of Campbenand Jones l241 usingthe elastic




























0)) normalized attenuation factor
Fig. 7.Angulardependences of LSAW propagation characteristics
for a (loo) mG specimen.
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(a) LSAW velocity
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0)) nomaliZed attenuation factor
Fig･ 8･Angulardependences of LSAW propagation characteristics
for a (Ill) GGG specimen.
Solid lines, measured at 225 MHz; dashed lines, Calculated.
-20･
water reported inthe literature l25]-[27]. The results are plotted asthe
dashed-linesinFigs. 7and 8. TYLe measured values bythe No. I device are
0.250 to 0.271% for VLSAW Smaller and 2.2 to 3.3% for aLSAW largerthan
thetheoreticalvalues, andthevmeasured values bythe No. 2 device are
0.069 to 0.084% for VLSAWand 6.7 to 7.7% for aLSAW largerthanthe
theoretiCalⅤalues. h general, it canbe saidthat different LFB devices
operating atthe same frequency provides slightly different results of
velocityand attenuation.
- 'Next, propagation characteristics of LSAWs were measured in 1 MHz
stepsinthe frequency range l00to 300 MHz uslngthe two LFB devices.
me propagation directions are chosen to be l010】 forthe (loo) GGGand
lii2] forthe (Ill) GGG specimen, sothat a pure Rayleighmode was
employed for measurements. ne measured results are shownin Figs. 9and
10. Ⅵle measured values are plotted as solid linesandthetheoreticalⅤalues
as dashed lines. Althoughit is assumedintheorythatthe propagation
characteristics of LSAWs onthe water-loaded specimen surfacesare not
dispersive,the values of VLSAWand aLSAW measured for bothSpecimens
appear to clearly exhibitthe quite similarfrequency dependences for each
ultrasonic device. hthe frequency range measured, VLSAW and aLSAW Vary
apparendywiththe Aquencyandthe frequency dependences forthe No･ 1
device are remarkably different fromthose forthe No. 2 device. The
usable frequency range is dominated bythe SノN ratio for V(I) curvesand
the system dynamic range which are directly associated withthe efficient
operation of transducerand acoustic matching layer. We canusethe No. 1
and No. 2 devices efficiently inthe broad frequency range 130 to 285 MHz
for velocity measurements,and, for attenuation measuFementS, 1 30 to 230
MHz forthe No. I device and 130 to 260 MHz forthe No. 2 device.
¶len, tO Checkthe measurement resolution and reproducibility in














仲) normalized attenuation factor
Fig. 9･ Frequency dependences of LSAW propagation characteristics
for a (l00)-【010】 GGG specimen.














0)) normalized attenuation factor
3 0
Fig･ 10･ FreqTenCy dependences of LSAW propagation characterisdcs
for a (1 ll)-[112] 000 specimen.
Solid lines, measu托d; dashed lines, Calculated.
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No. 1 and No. 2 devices at 225 MHz on血e (111) GGG specimen in血e
lii2] propagation direction. Experiments were repeated.200 times at a
certain position aroundthe center of the specimen･ The average values of
VLSAWand (礼sAW Widl ±26 (0 denotes a standard deviation) were 3242.8l
nvswith劫.05 m/S (jD.0013%)and I.0825xl0-2 with ±1･6Ⅹ10~5 (iO･14%)
forthe No. I device,and 3253.52 m/s with±0.07 m/S (±0.0020%)and
1.1308Ⅹ10~2 with±2.3Ⅹ10~5仕0.21%) forthe No. 2 device. The average
temperatures with±26 duringthe measurements witheach device were
23二035oCwidl iO.004oC forthe No. 1 device and 23.228oCwidl _～.(氾8oC
forthe No. 2 device. It has been shown fromthese resultsthatthe
measurement resolutionand reproducibility are not related tothe devices,
but directly tothe system stabilityassociated withall kinds of stabilities of
the electriCalpart, mechanicalpart,andthe measurement conditions of
temperature,andthatthe resolution is estimatedaround ±0･002% for
velocity and around ±0･2% for attenuation at a chosen point･
V. CALIBRATION
The LFB system is calibrated according tothe calibration concept
describedinSection Ⅱ. TYIe differences betweenthe measuredand
calculated valuesinFigs･ 7and 8,andthose inthe frequency dependences
showninFigs･ 9 and 10 are basicallythe values to 也 corrected･ Here, a
quantitative discussion is made taking as examplethe LSAW propagation
characteristics measured at 225 MHz onthe (100) GGG specimen inthe
lo101 propagation directionandthe (1 1 I) GGG specimeninthe lii2]
propagation direction for bothNo･ land No･ 2 ultrasonic devices･ rme
measured andtheoretical values of LSAW propagation characteristics atthe
temperature forthe measurements aTegiven in Table Ill forthe (100)-[010】
GGG specimenandinTable IV forthe (111)-lii2] GGG specimen･ Forthe




















































device, +8.74 m/S (+0.267%) as VLSAWand -2.7xl04 (-2.5%) as aLSAW ;
forthe No･ 2 device, -2.45 m/S (-0.075%) as VLSAW and.-7.8xl04 (-7.2%)
as aLSAW. And, forthe (Ill)-lii2] GGG specimen,the corrections are as
follows: forthe No. 1 device, +8.46 m/S (+0.260%) as VLSAWand -3.3xl0-4
(-3･1%) as q.SAW ; forthe No. 2 device, -2.28 m/S (-0.070%) as VLSAWand
l8.Ox104 (-7.6%) as aLSAW.
Consideringthe reproducibility in V(Z) curve measurements presented
inSection IVandthe measurement errors in bulk aco,ustic properties forthe
standard speclmenS,the absolute accuracy after calibration could be
es血ated to be betterthan±0･02%invelocityandaround ±0･2%in
attenuation.
Ⅵ. DISCUSSION
Toinvestigatethe causes of the observed differences, a cross-sectional
geometry of the LFB acoustic lens, which explainSthe construction
mechmism of V(I) curves, is illustratedinFig. I 1.Whenthe relative
distance I betweenthe ultrasonic deviceandthe specimen surface is
changed,the ouq)ut of the transducer is recorded as a V(I) curve wave form
withperiodic oscinations, as showninFig･ 6･ This istheinterference of the
two components A)and #linFig. 1 1, which mainly contribute tothe
tranSducer ouq)ut･ The LSAW propagation characteristics of the phase
velocityand attenuation are determined withthe oscinationinterval Azand










Fig･ 1 1･ A cross-section of the LFB acoustic
lens to explain V(I) cuⅣe measurements･
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where Vwand aw arethe velocityand propagation attenuation of I
longitudinalwaves for water, respectively,and kLSAW isthe wavenumber of
LSAWs which equals aWLSAW.lt is seen fromthe above equationsthat, in
the determination of LSAW propagation characteristics,the measurement
accuracy of VLSAW depends onthe accuracy of Azand Vw,andthe accuracy
of q.SAW depends onthe accuracy of q)and aw as well as Azand Vw.
The measured values of VLSAW Should be considered to be affected
mainly bythe precision stmightness of the I-axis mechanical translation
stage (Z stage) used for V(I) curve measurements,and bythe difference
ftomthe idealized measurement model, Concemed withthe ultrasonic
devices employed,inwhichthe diffraction problem inthe focused waves
also must beincludedinconsiderations. These measurement error factors
giverise toanerror of the periodic oscillation interval Az inthe V(Z)
Cun｢e.
For very accurate absolute measurements, it is essentialto preparethe
standard specimens of materials to be characterizedandthe device/system
must be calibrated forthe materials. However, whenthe realstandard
●speclmenSare not aVaihble, other proper standard specimens, whose bulk
acoustic properties are accurately measwedand whose LSAW velocities are
quite close tothose for materials to tx: measured, Canbe employed
according tothe fonowng procedure.
Fromthe calculatedand measured values of VLSAW forthe temporary
standard specimensand using (5),the corresponding values of血sT(CalC.)
and血sT(meas.) Canbe calculatedandthe correction coefficientsthus




The calibrated values Az(calibrated) are obtained forthe measured values
Az(measured) forthe specimens to be corrected as:
Az(Calibrated) = K(V) ･ Az(measured).　　　(8)
substitutingthe values Az(Calibrated) into (5),the absolute values of VLSAW
are detemined forthe specimens.
The similarprocedures canbe taken for αLSAW･ Calculatingthe values
q)sT(CalC.)and q)sT(meas.) fromthe calculatedand measured values aLSAW
forthe temporary standard specimens with(6),and definingthe following
correction coefficients K(a) as:
K(a) = q)sT(CalC.)/句sT(meas･) ,(9)
the calibrated values句(calibrated) are obtained forthe measured values
q(measured) forthe specimens to be corrected as:
句(Calibrated) = K(a) ･句(measured) ･(10)
Then, substitudngthe values q)(Calibrated) into (6),the absolute values of
aLSAW a陀detemined forthe specimens･ h determiningthe叫(Calibrated)I
the corresponding corrected values of VLSAW are emPloyed･
Tbis calibration method is discussed usingthe (loo)-【010】and (I ll)I
lii2] GGG specimens.When taking a (100)-[010】 GGG specimen to be
measuredand a (ll 1)-【Ⅰ王2] GGG specimen asthe standard,the corrected
results of the measured propagation characteristics atthe lyPicalfrequencies
of 150, 175, 200, 225,and 250 MHz are presented in Table V, together with
the calculated results, uslngthe measured results ofthefrequency




















































clarifiedthatthis method is very effective forthe two different LFB
devices, not dnly for velocity calibration but also for attenuation calibration
(
inthis broad frequency range･ Bythis calibration method･the absolute
accuracy is attained within txBtterthan±0･02% in velocity which is almost
the same asthat bythe system Calibration uslngthe real standard specimens･
and within±1-2% in attenuation,underthe similar estimation of the
measurement errors describedinSection V. hthis demonstration,the
LSAW velocities betweenthe temporary standard specimenand test
speclmen Were Very Close, lessthan1 %･ Further experimental study
concemlngthe effectiveness forthe cases having considerable differencesin
velocity, 1argerthan severalpercent, between temporary standard specimens
and materials to be measured will be reported elsewhere l28]･
Becausethe measurement of q-SAW is done by amplitude
measurements, its measurement emrs are essentially largerthanthe
measurement errorsinvLSAW by phase measurements uslngtheinterference
method,and are sometimes estimated to be up to severalpercent to afew
tens ofpercent･ h addition tothe error causlng factors inthe VLSAW
measurement,the following factors also might be involvedinthe errors of
the (礼sAW Values: Water is treated as an ideal fluid inthetheoretiCal
Calculation of LSAW propagation characteristics, and accurate values of the
attenuation cufficient for water inthe VHF range employedin
measurements bythe LFB system have not been obtained･ It canbe said
that it is impossible to obtain札sAW aS accurately as VLSAW andthat it is not
appropriate to usethe absolute values of札sAWalong withVLSAWinan
application of L用acoustic microscopy to determination of the elastic
constants of bukandthin-film materials l3], 【41, 【10-13].
Homogeneous speclmenS Such as Siand Ge single crystals can be used
for system calibrationinthe different velocity range･inthe same way as
demonstrated here. However, highlyanisotropic materials witha large
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number of independent acoustical physical constants should not be suitable
forthe- standard specimens.Asthe corrections associated withthe
mechmiCalZ stage andthe measurement model arethe common factors
subjected tothe system, GGG crystalsubstrates arethe more suitable
standard speclmenS forthe system calibration, satisfyingthe required
conditions as descritNBd in Section II.
Different spatial frequency distributionsofthe acoustic fields are
formed on a solid specimen by different LFB ultrasonic devices andalso at
differcntfrequencies ll】, 【29]. Fromthe data obtained by measuringthe
amplitude and phase of the V(I) curve for Teflon, on which no leaky
surface acoustic waves are excited,the variations of the phas.e have been
found to be directly related tothe measured values of LSAW velocity,and,
then,the apparent frequency dependences of LSAW velocities, as seenin
Figs. 9and 10, has been quantitatively explained l301･ It cantxt said,
therefore,that such frequency dependences of LSAW propagation
characteristics result fromthe触quency dependence inthe performance of
LFB ultrasomic devices, depending uponthe sizeand shapeofthe ultrasonic
transducer.the dimensions of the acoustic lens,thethickness and distribution
of the acoustic antireflection coating layer,andthe ultrasonic frequency･
Nevertheless, it is necessarythat every propagation characteristic of LSAWs
obtained at each frequency must be calibratedindividually forthe
device/system usedforthe absolute measurements･
ⅤⅡ. CONCLUSIONS
Inthis paper, a calibration method forthe LFB acoustic microscopy
system uslng Standard specimens has been described･ Inthis method･ dle
standard speclmenS, Whose elastic constantsand densities are measured with
highaccuracy, must be used. A study has been conducted on GGG single
crystal, which is considered to tx5 One Ofthe most suitable speclmenS･ The
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standard has been glVen bythe velocities of bulk acoustic wavesand
densities measured for two crystalline planes of (loo) and (1 1 1) GGG as af
fLmCtion of temperaturearoundthe room temperature. Then,the LSAW
propagation characteristics have been measured bythe LFB acoustic
microscopy system uslng two LFB acoustic lens devices witha cylindrical
concave surface of 1-rrm radius inthe frequency range loo to 300MHz.
The apparent frequency dependences of LSAW velocityand attenuationare
observed in measurements on a semi-infinite GGG specimen resulting from
the frequency characteristics of the ultrasonic devices: Calibration has been
demonstrated by companngthe measured results withthetheoretical
Calculadons of LSAW propagation characteristics, uslngthe measured elastic●
constantsand density of GGGandthe physicalconstants of water reported,
resul血g inthe absolute accuracywithin±0.02% in velocityandaround
±0.2%inattenuation.
It is concludedthat calibration is necessaryinthe measurement of
absolute values becausethe absolute values of LSAW propagation
characteristics depend onthe system used, especiallythe LFB ultrasonic
device employed, andthe operating frequency. nle accuracy Of attenuation
values obtained byamplitude measurements is lowerthanthat of velocity
values obtained by phase measurements frominterferenceintervalSinV(Z)
curves. TYIerefore,the velocities must be used for quantitative material
characterization. However, attenuation canbe efficiently used for such a
case of determiningthe elastic constants of thin-filmmaterials by LFB
acousticmicroscopy, utiliZingthe significant variations of attenuation near
the cut-off of leaky Sezawa waves and leaky pseudo-Sezawa waves l4]. With
the use of the calibrated velocities, it is shownthat LFB acoustic microscopy
win tX practically applied to absolute surface characterization of wafersand
determination of elasdc constants of solidandthin-film materials, in which
dle absolute values of velocitiesare essential.
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含有率が増えるにつれて単調に高くなる｡ 48.5 m01%の試料と48.55 m01%の試料に
対するキュリー温度の差は､LiTh03に対するキュリー温度の測定精度±1.OoCと同
程度である｡したがって､これら2つの試料をキュリー温度から区別することは







である｡ StardJlg M血alに対する直線を用いて表2-6に示したキュ1) -温度をLi20
濃度に換算した｡その結果を表2-7に示す｡ 48.5 m01%および48.55 m01%の結晶に対
しては仕込値と分析値が測定誤差内で一致している｡一方､ 48.0 m01%の結晶の実
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板を図3-7に示す｡ LsAWの伝搬方向は200｡の範囲をlOずつ変化させた｡ +Ⅹ面､ ■7
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まず､各括晶のⅩ-cut､ Yヾut (Y2) ､乙cu朗に対し､それぞれⅩ軸､ Y軸およ
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効的弾性定数は単調に大きくなる｡その割合は､ qlE､ cyL､ CZLそれぞれに対して








行なう｡ ul砿わ単結晶の独立な定数は弾性定数(cllE､ cl3E､ cl4ti､匂3E､ q4E､
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(b) Ⅹヾut面4S.7007方向伝搬
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ATi = cT5P仇2. 2cr5β仇.cTl-PmV2
Ar2 - C.r5PM2 ･ (cT. ･ cT6)p仇･ cT6
蝿- cT5β仇2･ (毎･cT5)βm･ cT5
AT. = eT5P-2･(毎･en)β仇･en
ATl= A弘
AT2 = Cap-2. 2caP仇.鳴-PmV2
AT, - C等.P-2 ･ (C-36 ･ C.r5)β仇･ cT6
嶋- eaβ-2 ･ (er. ･ eT6)β仇･ eT6
A凱= AT3
AT2 = AT3
AT3 - CT3〆. 2cT5P仇.cT5-P仇V2








det(A.7) = 0 (5-ll)
この係数行列式(5-ll)は規格化披数βmについての実係数8次多項式であり､この式




















UL = UXI(1) expLf(PI(1) kz 'kr - LW))
U圭- ul(1) GI(1) expti(βⅠ(1) kz 'kr - a't))




薄膜中では粒子変位､ポテンシャルは8つの解PE(A) (n=1,2,- ･, 8)に対応する
p打由l wayeのすべての線形結合で次式のように表わされる｡
8
U.T - ∑ up(n) exptibⅡ(n) kz 'kr - LW))
n=l
8
U,I - ∑ UXE(n) FⅡ(n) expti(βⅡ(A) kz 'kx - dN))
m=l
8
UZE - ∑ a.ln) GⅡ(n) expti(PI(n) kz 'kHVt))
れ=1






(n=1, 2, ･ -, 8)の8つの解のうち次式を満たす4つの解を選択し､改めてPⅢ(n) n=
1,2,3,4と番号をつける｡
Rc(伊Ⅲ(n) k )<0 (5-16)
したがって､基叔中における粒子変位､ポテンシャルは式(5-16)を満たす4つの解
Pm(n) (n=1, 2, 3, 4)に対応するpartialwaveの線形結合で次式のように表わされるo
4
U.n- ∑ up(A)叩U･bm(n) kz ･kx - oN))
れ=l
4
U,tu - ∑ up(A) Fm(n) expLi(βⅢ(A) kz 'kHW)i
TL=l
4
UztE - ∑ up(n) GⅢ(A) expti(ptE(n) kz. kr - ,a))
n=1



























ここで､ Zb･の詳細は省略する｡各粒子変位吋(1)､ ㌦(n) (n=1, 2, ･ ･･ , 8)､ qxT(A)
















xI(n, -欝発 (n=1, 2,･ ･ ･, 8)　　　　(5-21)　(






Ui - xt(I) UXF(1) expLf(PI(I) kz 'kx - LW))
U圭- xt(1) 〟(1) GJ(1) expti(pI(I) kz 'kr - LW))　(5-22)
ot =皇xH(A) UXI(1) HⅡ(n) cxpU･(kr - dN)I exp(b)
れ=1
8
U.1 - ∑ XⅡ(n) UXI(1) expU･(βⅡ(A) kz ･ kx - LW))
n=l
辛
U,I - ∑ XⅡ(n) a,I(1) FI(n) expU･(pE(n) kz ･ kr - a))
n=l
8
UzI- ∑ XⅡ(n)㌦(1) GⅡ(A)expti(βⅡ(n)kz ･kr- a)) (5-23)
n=1
oI =皇xE(n) UXB(1) HⅡ(n) ex,U･(pI(n) kz. kHw))
hl+il
4
U.EI - ∑ XⅢ(n) UXI(I) expti(βⅢ(A) kz ･ kx - LW)I
n=l
4
U,tu - ∑ XⅢ(n) u,E(1) F皿(n) expU･(βⅢ(A) kz ･ kr - α))
n=l
4
Uztu- ∑ XⅢ(n) UXD(1) GⅢ(n) expU･(pⅢ(A) kz ･ kx - LW)) (5-24)
n=1
-122-









































減少し､ fH→00でZCut Y方向伝搬のuT犯3基板における規格化伝搬減衰1.093 ×
10･28こ漸近する｡
図5-3にZbt X方向伝搬における計算結果を示す｡ X方向伝搬ではGenerd Rayleigh
m∝kとなる｡同園(a)は位相速度の､同国o))は規格化伝搬減衰のfH依存性である｡
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(a)粒子変位およびポテンシャル
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図5-12の左側にfH=100Hz･ m～右側にfH=500Hz:･ m､図5-13の左側にfH司i(氾Hz･ m､
右側にfEl=70Hz･ m､図5-14の左側にfH=1000Hz･ m､右側にfH=1500Hz･ m､図5-15
の左側にfH=200Hz･ m､右側にfH=2500Hz･ mの場合の分極反転層を有するZヾut Y
軸方向伝搬のuh03基板におけJaフィールド分布を示す｡ (a)は粒子変位およびポ
テンシャルの､ O))はポインティングベクトルの深さ方向の分布である｡
各図(a)において､振幅の分布は､ fHが大きくなると､ Ux､ Uzはほとんど変化し
ないが､ポテンシャルが大きく変化している｡ポテンシャルの振幅は､ fH=
500H三･ m付近から任Ⅰ=700Hz･ m付近で水と薄膜の境界におY､て小さくなっている｡
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各国(a)において､振幅の分布は､ fHが大きくなると､ Ux､ Uzはほとんど変化し
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Fig･ 2 Appamnt Aqucncy dependence of




Fig･ 3 FrequeTICy dqpcndenα of ISAW






Fig. 4 ljAW veldty promcsfor ZY-uTaO3 Sample.








域で平均して68.8 m/S. △の領域で平均して70.1 m/S低下している｡ ①､ △のどち
らの領域においでも溶液の深い所でプロトン交換された位置ほど1.SAW速度の壷
化が大きい｡プロセス前には見られない大きなISAW速度分布が生じており､ ①























ここで､ Q活性化エネルギー､ R:気体定数､ T温度､ b:定数である. (2)を(1)に代
入すると以下の式が得られる｡
(










Fig. 2とから､ AYLSAWのfH依存性をFig. 6のように得ることができる｡ ○は
AYI.SAWの測定値を表す｡ Fig. 6中に示した直線は最小二乗近似により求めたもの
であり､以下のようになる｡
























Fig･ 7 Rek血mship tNBtWCCn LSAW veldty chaJlge







Fig. 8 bhddnship between 1.SAW veldty change





Fig. 9 bhdonship txBtWCen LSAW yeldty change
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Characterization of Domain-hverted LayersinLiTaO3 by Line-Focus-
BeamAcousdc Microscopy
AB STRACT
A chaJute血tion procedure of domain-inverted layers employed in
LiTaO3 0ptOelectromic devices by line-focus-beamacoustic microscopy lS
explored･ A specialSpecmen of -Z-cut LiTa03 Witha domain-inverted●
layer of about I.8 pmthickness, processedunderthe fabrication conditions
for quasi-phase-matching second-hamomiC-generation devices, was
prepared for measurements of the leaky surface acoustic wave (LSAW)
velocides inthe frequency range 1(氾to 3(氾MHz. ht血sic decreasesin
LSAW velocity were obtained withthe rate of 0.127 m/sm, which were
inexcellent agreement withthetheoreticalresults. These resulted丘om
fomation of a domain-inverted layer onthe -Z surface. Slight variationsin
domain-inverted depthonthe specmen, caused by variationinprocess
temperatuzc, werealSo detected,withthe measurement resolution of 0.01
pm at 225 MB.
-167-
Many promising applications of line-focus-beam (LFB) acoustic
microscopy ll】 have been proposedand developedinresearch fields of
scientificandindustrialproblems associated withwaveguide-type
optoelectromic devices l2,3]. Recently, characterizationand evaluation of
proton-exchanged/wealed opticalwaveguidesand fabrication processes
employed for quasi-phase-matching sec'ond-harmonic-generation (QPM-
SHG) devices l4], using Z-cut LiTaO3 Substrate, have been demonstrated
to have superior sensitivityinevaluatingthe opticalwaveguide parameters
of difhsion depthand reftactive index 【3]. hthese devices, ano血er
process techmique of domain inversion onthe -Z surfaα of Z-cut LiTaO3
substrates l4】 phys a very important roleinfabricating a device structure
composed of periodicany domain-inverted gratings withanintervalof 4
pm md a depd1 0f I.8 pm over a 10 rrm length[5]. It is necessary to
control preciselythe process temperatures forthe quick heat加atment of a
●
rapidriSing rate and short soaktime usmganinfra托d heater, as wen as for
proton exchange beforethe domaininVersion pro従SS.
hthe present study,the application is extended to characterization
of the domain-inverted layers,and simulation experments to obtain its
characterizadon procedureand basic data are conducted employing a
specialSample of Z-cut LiTaO3 0m Whichthe entire -Z surface is domain-
inverted.
One Z-cut LiTaO3 Substrate (Yamaju Cemics Co., Seto, Japan), 20
rrm X 10 rrm X 0.5 rrm, was processedunderthe fabrication conditions of
periodicdly domain-inverted LiTaO3 for QPM-SHG devices [5]. h ale
process, proton-exchanged layers were first formed on bothSurfaces of the
●substrate by being mersedinpyrophosphoric acid heated at 260 oC for
20 min. The substrate was processed tothe next stage of quick heat
treatment at 540 oC for 30 see withtheriSing rate of 80 oC/Sand soak time
of 30 scc,inOrder to fabricate a domain-inverted layer onthe -Z surface.
FbrdlemOre,the substrate was aJmealed at 420 oC for 6 hotm.Amealing
-168-
is a necessary.pro伴SS tO diffuse protonsinthe proton-exchanged area　【
formed onthe surface intothe substrate for decreasing Oe di飴rencein
refractiveindex between domain-invertedand uminverted reglOnS before
fabricating a low-loss optic岳l waveguidefor LiTaO3 QPMISHG devices
l5]. According to reference 5,thethickness of the domain-inverted region
underthe employed conditions is about 1.8 pm,andthe aJneahg does not
a飴ctthe boundary position betweenthe domain-invertedanduninverted
reg10nS. Onthe +Z surface,therealso existsthe proton-exchanged layer
払nowed bythe same quick heat treatmentandthe same amealing, but
withno domain inversion. h addition, a vlrgih Z-cut LiTa03 Substrate was
also prepared asthe referenα Specimen for velocity measurements.
Measurements of the phase velocity of LSAWs propagating onthe
●water-loaded sample surface uslngthe LFB acoustic microscopy system
were carried out for both+Zand -Z surfaces of the speclmen and for die
●     ●                                              ●
vlrgm no凪-PrOαSSed specmen. First ofal1,theangulardependenceand
Aquency dependence of LSAW velocities were measured nearthe center
●of the speclmenS tOunderstandthe variationsinacoustic properdes on each
surface bythe fabrication pro任SSeS. ¶le details of the measurement
medlOd and system were presented elsewhere ll 】.
Figtm I showsthe results oftheangulardependence of LSAW
velocides which were measured at 225 MHz by changingthe wave
propagadon direction by 180o at iI此rvals of lo. The propagation
directions of Ooand 900 correspond tothe crystanographic X-axisand Y-
axis directions, zt!SpeCtively. h血isfigure, (a) showsthe measured results
for dle Virgin specimen,仲)those forthe +Z surface of die Processed
specimen, and (C)those forthe -Z surface. Anthe measured curves exhibit
syrmetdcalcycles for every 600, reflectingthe symetry of the Zヰut
LiTaO3. The fabrication processes employed for domaininversion cause
the LSAW velocities to decreaseinall propagation directions. ne
















Fig. 2. Reladve ばAW vel∝ity dispersionsfor ZY-LiTaO3 SpeCimens･
一170-
thatthe proton-exchangedand diffused layer withthe acoustic propertyof
a sldwer LSAW velocity is formed onthe surface, as discussed inthe
literature l3]. Onthe o血er hand,the velocities onthe -Z surface withthe
domain-inver(ed layer dec托aSe by approximately 22.9-45.4 m/S.
Measurement sensitivity is highest inthe Y-axis direction for boththe
surfaces, sothatthe Y-axis direction wave propagation should h!
employed for chancte血tion.
To characterizethe formed domain-inverted layer,the frequency
Characteristics were meastl托d atintervals of 5 MHzinthe触quency range
of l00-300 MHz for each surface of the Z-cut Y-propagating (ZY) LiTaO3
Specimen. Figtlre 2 showsthe measured results of velocity changes
●               ●Feladve tothe results measured forthe virgm speclmen. It is clearthat, as
the叫uencyincreases,the I.SAW velocities monotomicany decreasewith
the rates of 0.047 m/Sルmz forthe +Z surfaceand 0.174 dsPdHz forthe
-Z surface, approximated bythe least-squares method.
Assumingfor boththe surfacesthe same proton-exchangeandthe
same quick heat treatmentand aJnealing,the differences betweenthese
two frequency characteristics might stand forintrinsic frequency
chancteriStics of血e LSAW velocities foranidealmodel of the domain-
inverted layer on -Z-cut LiTaO3 Substrate having no influence by proton
exchangeand heat treatment. Ttle results obtained by subtraction between
the curyes band a in Fig. 2indicate a gradient of -0.127 m/S/MHz,and are
ploth!d bythe open circles in Fig. 3, usmg a value of 1.8 pm forthe layer
●
thickness. hthe figure,the solid line is forthetheoreticalresults l6]
Calcuhted for dle idealmodel withthe domain-inverted depthof 1.8 pm on
the -ZICut LiTaO3 Substrata, usingthe physicalconstants reported by
Wamer etal. 【7】. Ttle Calculated curve exhibitsthe velocity changes of the
dependence onthe productJH of ultrasomiC軸encyfand layer dlickness
H, showingthe di飴zences fromthe velocity value of 3318 m/s atJH=O








Fig･ 3･ Meastmd aJld calculated LSAW yclocity dispersions for an idealmdel
of a domain-inyerted layer on -Z･cut LiTaO3 Substrate･ nc open circles aJ℃forthe
expenmentalValues obtained by subtracdon betwccn the curves b and a in Fig･ 2･
ThctheorctiCalValue of LSAW velocity at fH=0 Hz ･m is 3318 m/S.
ー172-
circuiting effect atthe domainboundary l8]･ rrhe measured results areinC
exce-nent agreementwiththetheory. Fromthe results showninFig. 3,the
measurement sensitivity to die depthof domaininversion is approximated
to be 0.061 pm/hds, sothaLthe measurement resolutionindepthCanbe
estimated to be 0.010 pm asthe system accuracy is betterthan±0.005 % in
yelocity.
Next, a series of similarexperiments for bothSurfaces of the
speclmen at 15 di飴rent positions atintervals of 1 孤 at 225 MHz, shown
intheinset of Fig. 4, werefurdler conducted inthe Y-axis propagation
direction. Figure 4 showsthe measured results,inwhichthe velocities
monotonicallyincrease withdistance加mthe left totheright hand side.
ne maximum difference of the velocities is 6.59 m/S, Corresponding tothe
change in domain-inversion depthof 0.40 pm, obtainedfromthe measured
data in Fig. 3. Consideringthe expermentalprocesses employed, viz.,
proton exchange, quick heat treatment,and amealing, we canmakean
assumpdon to interpretthe gradient of the velocitiesinFig. 4thatthe
variations were caused bythe temperature distributioninthefuma任for
the quick heat treatment asthe depthdepends mainly onthe finalprocess
temperatureunder conditions of the sameincreasing rate of 80oC/s and
same short soak time of 30 see. The equation to estimate dleinversion
depthd is l5]
あ4.27Ⅹ1010EIJ2exp(-1.75Xl柵+4) [叩1】
where 4) (功.5 pm) isthe depthofthe protonヰXChange region processed
under血e protonべさXChange conditions at 260 oC for 20 min before heat
treatment, t isthe soaktime,and T isthe absolute temperature. ¶le
variadons of the heat treatment temperature are estimated to be within±5.8
oC･ ne measurement resolution of the process temperature is about 0.29
oC,舟omthe mea飢lrement accuracy ln Velocity measurements.
hthis study,anexpenmentalprocedure for characte血tion of
●






Fig･ 4･ Reladve HAW yel∝ity profile for -Z surface of ZY-LiTaO3 Specimen
withdomain-inverbd layer measured alongthe dotted line inthe inset.
-174-
dispersion onthe -Z-cut LiTaO3 SPeCimen has been observed, depending
uponthe productJ肘of ultrasonic frequency land layerやickness H･ It has
been clarifiedthatthe dispersion results舟om two factors: one is due to a
formation of a domain-inve/rted layer onthe -Z surface,andthe other is due
to a formadon of a proton-diffused layer. Thus,the intrinsic LSAW
propagation characteristics for -Z-cut LiTa03, Witha domain-inverted
layer, have been experimentally extracted. It has been demonstratedthat
the LFB system has a capability of detectingthe changes of O･OI pmin
domaininversion depthand of O･29 oCinprocess temperature duringthe
quick heat treatment for domaininversion･ This result is much superior to
the conventionalteclmique of optiCalmicroscopy which isthe only way to
observethe domaininversionand measurethe layerthickness forthe
etched cross section of domain-inverted LiTa03 SPeCimens･ It is no doubt
thatthis ultrasonic system is expected to become very useful teclmology
withthe advantages of nondestruCtiveand noncontac血g measurements
and of the excellent sensitivity for developmentand evaluation of device
fabrication processesand systems for domain-inverted layers, as well as for
proton-exchanged/aJmealed layers.
The authors would like to expresstheir sincere gratitude to
Dr･ K･ Yamamotoand Dr･ K･ Mi別uChi of Matsushita Electric hdustry
Co･, Ltd･, fortheir cooperationinpnpanng samples･ This work was
supportedinpart by a Research Grant-in-Aid fromthe Mimistry of
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